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Abstract
The emitter of silicon heterojunction solar cells consists of very thin hydrogenated amorphous silicon layers deposited at low
temperature. The high sheet resistance of this type of emitter requires a transparent conductive oxide layer, which also acts as
an effective antireflection coating. The deposition of this front electrode, typically by Sputtering, involves a relatively high 
energy ion bombardment at the surface that could degrade the emitter quality. The work function of the transparent conductive 
oxide layer could also significantly modify the band structure at the emitter. In this work, we study the particular case of p-type 
crystalline silicon substrates with a stack of n-doped and intrinsic amorphous silicon layers deposited by Plasma-Enhanced
Chemical Vapor Deposition. The front electrode was an indium-tin-oxide layer deposited by Sputtering. The Quasi-Steady-
State Photoconductance technique has been used to characterize the emitter quality by measuring the effective lifetime and the
implicit open-circuit voltage. These measurements confirmed a strong degradation of the heterojunction after depositing the
indium-tin-oxide layer. However, it is also shown that the initial degradation could be completely recovered by an adequate 
thermal treatment. In this sense, annealing times from 10 to 90 minutes at temperatures ranging from 100 to 160 ºC have been
studied, both in vacuum and inside an oven.
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1. Introduction 
The photovoltaic market is still dominated by crystalline silicon (c-Si) technologies that are expected to 
maintain over 80% of the total production in the coming years [1]. One of the current trends in the industry is to 
progressively use thinner wafers (<200 Pm) in order to reduce costs. In this scenario, silicon heterojunction (SHJ) 
solar cells are definitely a good alternative for the future [2]. In the SHJ technology the pn junction is not obtained 
by a high temperature diffusion process (>800 ºC), but thin hydrogenated amorphous silicon (a-Si:H) layers are 
deposited at low temperature (<300 ºC). The most usual technique to grow a-Si:H layers is Plasma-Enhanced 
Chemical Vapor Deposition (PECVD) [3], though other alternative techniques have been also reported [4]. 
Typically, in SHJ solar cells a very thin intrinsic a-Si:H layer is used as a buffer between the c-Si substrate and the 
doped a-Si:H layer to improve surface passivation. This structure was first reported by Sanyo as a Heterojunction 
with Intrinsic Thin layer (HIT) solar cell [5]. This company has improved its technology during the last decade to 
achieve an impressive conversion efficiency of 23.7% on a thin (98 Pm) n-type c-Si wafer [6]. In Europe, the 
research group at Ecole Polytechnique Federale de Lausanne (EPFL) has recently reported a conversion efficiency 
of 21.38% on p-type c-Si substrates [7]. In these devices the HIT structure is also replicated at the back side with 
the same doping type as the c-Si wafer to complete a low temperature fabrication process.  
In our laboratory we have developed an alternative back surface passivation strategy for SHJ solar cells. Some 
years ago, our group showed that intrinsic hydrogenated amorphous silicon-carbon layers (a-SiCx:H) can provide 
an excellent surface passivation on p-type c-Si wafers [8]. Lately, we optimized in our laboratory a laser-assisted 
process to diffuse aluminum point contacts through different passivating layers [9,10]. This technology of laser-
fired contacts (LFC) was originally developed at the Fraunhofer Institute for Solar Energy Systems [11,12] as a 
feasible alternative for the mass production of solar cells with passivated emitter and rear cell (PERC) structure 
[13]. Since the passivating layers at the rear surface can be intrinsic, one of the doping gases is eliminated from the 
fabrication process. This advantage is technologically relevant to avoid cross-contamination in single-chamber 
deposition systems. Recently, we demonstrated that the combination of heterojunction emitters with a LFC 
strategy at the rear side can lead to high efficiency solar cells (17.2%) processed completely at low temperature 
[14].  
In this work we will focus on the front side of the solar cell. In particular, we will study how the quality of the 
heterojunction emitter can be affected by the front electrode. In SHJ solar cells a transparent conductive oxide 
(TCO) layer is needed to reduce the series resistance of the device. The usual choice is an indium-tin-oxide (ITO) 
layer deposited by Sputtering. A layer thickness of around 80 nm gives good antireflection properties and it is 
enough to reduce the sheet resistance well below 100 :/sq [15,16]. Nevertheless, one of the main concerns about 
the front electrode is the damage that ion bombardment during the Sputtering process could cause in the 
heterojunction emitter [17,18]. Another important issue is the change that the TCO could induce in the band 
structure of the heterojunction depending on its work function [19,20]. Here, we investigate these effects for SHJ 
solar cells based on p-type c-Si wafers with an ITO front electrode. 
2. Experimental 
The samples studied in this work were obtained on FZ 100-oriented p-type c-Si wafers (2.5 :cm), single-side 
polished and 290 Pm thick. These substrates were initially cleaned using a standard RCA sequence, followed by a 
short immersion in diluted HF (5%) just before the deposition of the heterojunction structure. The emitter consisted 
of a very thin (4 nm) intrinsic buffer of a-SiCx:H followed by an n-doped a-Si:H layer (15 nm). On the rear side, a 
stack of intrinsic a-SiCx:H layers with different carbon contents was used. First, a 30 nm thick Si-rich layer 
deposited directly on the c-Si wafer provides an excellent back surface passivation. An additional C-rich layer (70 
nm) serves to improve the back surface reflection. All these layers were obtained by PECVD in a parallel plate 
system from Elettrorava S.p.A., under the deposition conditions summarized in Table I. The effective lifetime (Weff) 
of the solar cell precursors was measured as function of the excess carrier density ('n) by Quasi-Steady-State 
Photoconductance (QSSPC) [21]. This contactless characterization technique also gives information about the 
maximum open-circuit voltage that can be expected from the heterojunction structure (implicit-Voc). 
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    Table I. Deposition conditions of the different layers used in this work for the fabrication of SHJ solar cells. The substrates, located 2 cm 
above the cathode, were heated to 300 ºC. The plasma was generated at a radiofrequency of 13.46 MHz. 
Structure Layer Pressure (mbar) SiH4 (sccm) CH4 (sccm) PH3 (sccm) RF power (mW/cm2) 
Front emitter 
buffer 0.5 36 12 - 16 
n-doped 0.5 39.8 - 0.2 16 
Rear passivation 
Si-rich 0.5 30 10 - 16 
C-rich 1 1.2 60 - 47 
 
The following step in the fabrication of the device is the deposition of an ITO front electrode (80 nm) on the 
emitter side at room temperature. This layer was grown by RF magnetron Sputtering from an In2O3/SnO2 sintered 
target (90/10 % wt.). The deposition of the ITO layer was done at a power density of 2.5 mW/cm2 with the 
substrate located 13 cm below the target. The pressure into the chamber during the process was fixed at 10-3 mbar 
with an argon flow of 10 sccm. The QSSPC data were measured again after depositing the ITO layer and for 
different annealing steps up to 160 ºC for 90 minutes.  
Finally, complete SHJ solar cells were fabricated for some representative samples. The active area of the solar 
cells (1 cm2) was defined in a photolithographic process followed by a wet etching to the ITO in diluted HF. The 
metallic front contact consisted in a 2 Pm thick silver grid (6% opaque) evaporated through a shadow mask. 
Concerning the back electrode, an aluminum layer (1 Pm) was evaporated on the a-SiCx:H stack. Then, locally 
diffused aluminum point contacts through the passivating layer were obtained in a laser-firing process as described 
in a previous work [9]. The fabricated solar cells were characterized by measuring the current density-voltage (J-
V) characteristics under AM1.5 (100 mW/cm2) irradiance and also external quantum efficiency (EQE) curves. 
3. Results and Discussion 
In Fig. 1.a) the initial QSSPC data of a SHJ structure just after the PECVD process is compared to that 
measured after depositing the front ITO layer. A dramatic decrease in the effective lifetime by two orders of 
magnitude is evidenced overall the measured irradiances. Consequently, the implicit-Voc at one-sun for the solar 
cell precursor degraded from an excellent initial value of 729 mV to only 590 mV. However, an annealing 
treatment inside an oven at 160 ºC for 1 hour completely recovered the implicit-Voc value. This experiment was 
repeated for another sample prepared using the same deposition conditions, but in this case the annealing treatment 
was done inside a vacuum chamber (Fig. 1b).  
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Figure 1. Effective lifetime and implicit-Voc of SHJ structures measured just after the PECVD process, once the ITO layer has been 
deposited by Sputtering and after an annealing treatment for 1 hour at 160 ºC either inside an oven (a) or a vacuum chamber (b). 
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As in the previous case, the initial degradation after ITO deposition and subsequent recovery by an annealing 
treatment were equally reproduced. In both cases, only at low irradiance the final lifetime remained below the 
initial value. In the literature [22], the lifetime behavior at low irradiance has been explained considering a 
recombination term for the emitter saturation current density. Recently, it has been proposed that this 
recombination could take place mainly at the interface between the TCO and the doped a-Si:H layer [23]. In this 
situation the work function of the TCO would play a rather important role, since an inappropriate value creates a 
detrimental depletion region in the a-Si:H emitter [19,20]. 
In order to optimize the annealing treatment, we prepared three additional samples that were annealed at 105 ºC, 
130 ºC and 160 ºC. In this case, the lifetime was monitored by QSSPC after relatively short annealing times (10-15 
minutes). The process was repeated to complete an integrated annealing time of 90 minutes for all the samples. 
Fig. 2 shows that the degraded lifetime after ITO deposition could not be recovered at the lower annealing 
temperatures (105 ºC and 130 ºC). On the contrary, the lifetime value at one-sun steadily increased when the 
annealing was done at 160 ºC and tends to saturate after 90 minutes. In terms of implicit-Voc, the complete 
annealing treatment at 105 ºC only recovered a 29% of the initial loss caused by ITO deposition. This percentage 
increases to 59% after the annealing treatment at 130 ºC and reaches an almost complete recovery of 98% at 160 
ºC.  
Such reversibility in the lifetime degradation after a relatively low temperature annealing treatment has been 
reported previously for similar ITO/a-Si:H/c-Si structures [17]. Recently, a detailed analysis of the Si-H bonding 
configuration in the a-Si:H film by Fourier transform infrared (FTIR) spectroscopy concluded that the initial 
microstructure cannot be fully recovered [18]. Thus, it has been proposed that the lifetime degradation could be 
related to the rupture of weak Si-Si bonds induced by UV plasma luminescence or ion bombardment during the 
Sputtering process [18,24]. The resulting dangling-bonds, very active recombination centers, could be eliminated 
during the annealing process at moderate temperatures. This interpretation is in agreement with the well-known 
Staebler-Wronski effect in a-Si:H layers [25].  
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Figure 2. Effective lifetime and implicit-Voc values at one-sun as a function of the annealing time for three different temperatures: 105ºC, 130 
ºC and 160 ºC. An annealing time of 90 minutes at the higher temperature allowed a complete recovery of the SHJ structure.  
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Nevertheless, another factor to consider is that the microstructure of the ITO layer could significantly change 
during the annealing treatment. ITO layers deposited at room temperature are basically amorphous, but low 
temperature crystallization has been reported in the literature for annealing treatments very similar to those used in 
this work [26]. This crystallization would lead to a more conductive ITO layer with an expected change in its work 
function. As commented above, several works have discussed the important role of the TCO work function to 
determine the final SHJ solar cell performance [19,20,23].  In our opinion, further research is needed to clarify 
whether structural damage during the Sputtering process or a modification in the band structure due to changes in 
the TCO work function are determining the measured effective lifetime. 
Some representative samples studied by QSSPC were used to fabricate complete SHJ solar cells as described in 
the Experimental section. In Table II we compare the photovoltaic performance of three different devices. First, the 
‘as-deposited’ solar cell was fabricated without any specific annealing treatment after ITO deposition. Actually, 
during the photolithographic process to define the active area of the device, the sample was annealed at 120 ºC for 
about 40 minutes. The fabrication process of the other two solar cells included an annealing treatment at 160 ºC for 
1 hour either inside an oven or in a vacuum chamber. 
Table II. Photovoltaic performance under AM1.5 irradiance (100 mW/cm2) of three SHJ solar cells fabricated using the same structure and 
deposition conditions. One of the samples was processed without any specific annealing treatment, while the other two were annealed at 160 ºC 
for 1 hour inside an oven and in a vacuum chamber. 
Solar cell Voc (mV) Jsc (mA/cm2) FF (%) K (%) 
As-deposited 616 30.3 75.5 14.1 
Annealed (oven) 640 31.9 63.4 12.9 
Annealed (vacuum) 644 32.7 76.6 16.1 
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Figure 3. Current density-voltage characteristics of the solar cell fabricated without any specific annealing treatment compared to the solar cell 
with an annealing treatment. The inset graph shows the reflectance and the quantum efficiency curves of the same samples. 
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These results make clear that the annealing treatments were really effective to obtain higher Voc values in the 
final devices. The short-circuit current densities (Jsc) are also significantly higher due to lower recombination 
losses and more transparent ITO layers after the annealing treatment. However, it is evident here from the 
measured fill-factor (FF) values that the annealing treatment in the oven was not adequate. Most probably, 
oxidation of the ITO layer increased the sheet resistance at the front electrode and it is responsible for the poor FF 
value of this device. Thus, the sample annealed in vacuum finally gives the highest conversion efficiency (K) of 
16.1%. The final Voc value of 644 mV was significantly lower than the one predicted by QSSPC data after the 
annealing. Nevertheless, it should be taken into account that the excellent surface passivation provided by the a-
SiCx:H stack at the rear side is partially lost during the solar cell fabrication at the last laser-firing step [10]. Figure 
3 compares the J-V curve under illumination of the best solar cell annealed in vacuum to that of the device 
fabricated without any specific annealing treatment. In the inset, the corresponding EQE curves and the reflectance 
spectra of the front electrode are also shown for comparison. Note that the variation in the reflectance spectra 
would point to a change in the microstructure of the annealed ITO layer. The main improvement in the EQE after 
the annealing process is observed in the 550 nm-1050 nm wavelength range. At shorter wavelengths the EQE is 
basically limited by light absorption within the a-Si:H emitter, where practically all electron-hole pairs recombine. 
For longer wavelengths both EQE curves are again very similar, since the back contact structure and surface 
recombination velocities are identical for both devices. The worse EQE values for intermediate wavelengths could 
be explained considering a strongly damaged interface after ITO deposition. In the annealed sample, the EQE 
improves in part due to a lower reflectance of the front electrode and very likely a recovery of the damaged 
heterostructure. 
4. Conclusions 
Research on SHJ solar cells has been traditionally focused on the a-Si:H/c-Si structure. Much attention has been 
paid to energy band offsets, doping levels or interface defect densities, while the front TCO was just considered as 
a collection electrode. However, this work evidences that to optimize SHJ solar cells the TCO/a-Si:H/c-Si structure 
should be considered as a whole. In the case of p-type c-Si wafers with n-doped a-Si:H emitters, the deposition of a 
front ITO layer completely degrades the implicit-Voc of the structure. This effect could be attributed to a strong 
increase in the recombination term of the emitter saturation current density. Luckily, this effect seems to be 
reversible and a relatively short annealing time at low temperature recovered the initial quality of the samples. This 
treatment should be done in vacuum or an inner atmosphere to preserve the low sheet resistance of the TCO. The 
effectiveness of the annealing treatments has been demonstrated on complete solar cells to reach a highest 
efficiency of 16.1% on flat c-Si substrates. Future work will focus on clarifying the main mechanisms governing 
lifetime degradation and its recovery by the annealing treatment. In addition, softer deposition conditions during 
the Sputtering process will be also investigated to reduce the damage to the heterojunction structure. 
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